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HYPOTHESIS Experiments were centered on the effects of hypergravltatlonal 
fields on the thermoregulatory system of the rat. The ability of the animal to 
regulate core temperature when exposed to a one hour period of cold concur- 
rently with hypergravic fields was determined. The central question underlying 
experiments completed this year was whether the response of the rat to the one 
hour cold exposure depends only upon the amplitude of the hypergravic field 
during the period of cold exposure or whether the response is also dependent on 
the amplitude and duration of the hypergravic field prior to cold exposure. 
That is, the hypothesis tested was whether the "past history" of the animal 
serves as a major determinant in the response of the thermoregulatory system. 


OBJECTIVES The specific physiological questions considered during the current 


year in examining the effects of hypergravity were as follows: 

1. Does the therraoregulatory response observed upon a one hour cold exposure 


during the last hour of exposure to hypergravity vary with the duration of 

the applied field (the field being applied tor 4, 7, 13, 19, 25 and 37 
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2. During exposure to a hypergravlc field, does Che response of Che animal Co 
Che one hour cold exposure depend on Che pattern (amplitude and duration) 
of the hypergravlc field prior to the cold exposure? 

3. During the first hour of exposure to hypergravity, what Is the effect of 
cold? That Is, what is the response to cold at the Initiation of the 
1.5-4G exposure? 

Experiments resolving these questions (the specific alms of NASA grants NGS 
2234 for the current year) have been completed and are outlined below. 

METHODOLOGY Male, Long-Evans hooded rats were provided with Slmonsen's White 
diet and water ^ libitum , and were maintained at an environmental temperature 
of 22-24°C and at a 12:12 hr light:dark cycle. Thermistors (Veco 32A12, 

2000 oliras at 23°C) were surgically implanted in the area of the carotid artery 
In each rat; In addition, ome rats had thermistor implants In the hypothalamus 
and Interscapular brown fat tissue. Lead wires from thermistors were soldered 
to an ITT Cannon connector MDL-9SL1. The connector was then cemented to the 
skull and held in place with stabilizing screws. The rats' were allowed to 
recover from Implantation for four days prior to centrifugation on a 1.34 m 
radius centrifuge. The unrestrained rats maintained a normal posture during 
the acceleration period (the gravitational field was oriented in the +Gj^ direc- 
tion since the centrifuge cages had one degree of freedom and could swing 
outward as the angular velocity Increased). Temperature changes were recorded 
using a Houston JOOO Omnigraph penwrlter and cusoclated circuits. To lower 
ambient temperature, ice was placed in a container jacketing an inner 4x8 
inch chamber housing the rat. The rat was free to move about this inner 
chamber, the only restraining factor being the cable connected to the connector 


on the rat's head 
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RESULTS AND DISCUSSION One hour of cold exposure applied over the last hour of 

either a 1^ 4, 7, 13, 19, 25 or 37 hr period of 3G evoked a decrease in core 

temperature (T^) of about 3°C* This fall in T^. was significantly greater than 
changes in in cold-exposed rats at IG. No significant differences were 

found between the measured decreases in observed for the 1 hr cold exposures 
during the first 37 hr at 3G< However, when rats were subjected concurrently 
to cold and acceleration following 8 days at 3G, they exhibited a smaller fall 
in Tg, suggesting partial recovery of the acceleration-induced impairment of 
temperature regulation. In & .other series of experiments, the gravitational 
field profile was changed In amplitude in 3 different ways during the 3 hr 

period preceding the 1 hr cold exposure at 3G. (The first profile Involved a 
step Increase to 4G for 1 hr followed by 2 hr at 3G and then the concurrent 
3G-cold exposure for 1 hr. The second profile Involved a O.fS incremental 
Increase every 0.5 hr until 3G was reached (at 1.5 hr). This 3G field was 
maintained throughout the 1 hr cold exposure which began after 3 hours on the 
centrifuge. The third profile uiied was a step Increase to 3G for 3 hr followed 
by a 1 hr concurrent 3G-cold expose re period.) Despite the different gravita- 
tional field prlfiles prior to cold, the magnitude of the fall In T^ over the 
1 hr period of cold exposure was the same in all cases. These results suggest 
that the thermoregulatory impairment has a rapid onset, is a manifestation of 
an ongoing effect of hypergravity, and is not dependent upon the prior G 
profile . The inability of the rats to maintain T^. when cold exposed may be 
transient as indicated by the partial recovery of regulation by the 8th day. 

The experiments, interpreted as Indicating that the response of the rat to cold 
exposure is primarily dependent on the amplitude of the hypergravlc field 
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during the period of cold exposure rather than the prior amplitude and duration 
of the hypergravic field, are described in more detail in the following 

manuscripts : 

1. J. M. Horowitz, E. R. Schertel, and B. A. Horwitz. Centrifuge high-g 

effects on temperature regulation in unanesthetized rats. The 
Physiologist . 33:5-57-58, 1979. (Included as Appendix A.) 

2. E. R. Schertel, J. M. Horowitz, and B. A. Horwitz. Effects of gravita- 
tional profiles on the rat's thermoregulatory response to cold. 2* Appl . 

Physiol . ; Respirat . Exercise Physiol , in press. (Included as Appendix B. ) 
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INTRODUCTION 

Vhan a rat ia placad in a gravitational ftald 
greater than ita taaparaturc ahowa a triphaaic 
raaponac conaiating of an initial fall, a racovary 
(after aevcral daya) and finally adaptation (1). 

The Initial fall in core tanparatura, AT^, ia ahown 
below in Fig. lA. During the firat hour, T^. falla 
rapidly and then tenda to level off. After aavaral 
additional houra, the temparatura bagina to return 
toward nomal. Indicating that the rat la again 
regulating ita tenperature. The tranaiant drop in 
core tenperature waa firat noted by Oyana at al. 

(1), and haa aince been confinned in aavaral 
atudiea (2-4). Aa Fig. 1 ahowa, even though the 
anbient temperature, T«, la at a level where a Ig 
control rat ia perfactly capable of thermoregulating, 
a rat under a hypergravic field haa an inpalred 
ability to naintain ita tenperature. During the 
period of decreaaing core tenperature, the tall 
temperature of the rat Increaaee, indicating 
increaaed blood flow to the tall. It thua appeare 


that an abnormal, tranaiant vaaodilatlon ia, at 
laaat in part, the cauaa of the fall in T. aa haat 
ia loat fron the tail to tha environment (2,4). 

The data in Fig. lA lad ua to queation if the 
new level attained after the firat two houra at 
hypargravlty would be defended when the rat waa 
challenged by a drop in T« (crudely put, if the 
new level of rapreaunta a reaatting of the "aet- 
polnt"). To teat thia, rata were cold expoaed for 
a one hour period after having baan in a hypar- 
gravlc field for 3 houra (Fig. IB). That ia, a 
cold atreaaor waa auparimpoaed on the ongoing 
hypergravitational field. Compared to animala at 
Ig, theaa rata failed to defend their core tempera- 
ture aa ahown by tha added drop AT^_^ in Fig. IB (3). 

To our aurpriae, upon reentry to 1^, rata ware 
able to Ignedlately conmenea raialng their core 
tamperatura even though atlll cold expoaad (4). 

Thia ia llluatrated In Fig. 1C where AT^ la aaan to 
move back toward zero after removal from the 
hypergravitational field. (Hypothalanic and Inter- 



Figure 1. Changes in core temperature, AT^, evoked by periods of cold exposure and hypergravitational 

fields. The figures were constructed by aligning a set of trials labeled "a” through "d", each 
trial consisting of recordings from an unanesthetleed rat over a period of aeveral hours. 

Fig. lA depicts the initial fall and plateauing of AT^ as a function of g with T^ held constant. 
In B, AT^ is shown for a period of concurrent cold exposure (in black) and hypergravitational 
fields of 2 to t»g. In C, AT^ is plotted for the sequential application of a hypergravitational 
field and cold exposure. [Data were taken fron trials using procedures described in (3,4).] 
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•capular brown fat teapcraturaa alto ratumad to 
preexpoaura levels (4)«1 

The observation that the regulatory systea of 
the rat could bring back toward normal levels 
imned lately upon reentry to 1^ led to the question 
posed In the present study* Naiialy, does the re- 
sponse of the anlnal to the one hour cold exposure 
depend on the pattern (amplitude and duration) of 
the hypergravlc field prior to the cold exposure 
or slnply on the amplitude of the field during 
the cold exposure? Use of cold exposure allows the 
performance of one particular regulatory eystam to 
be tested after first varying the gravitational 
field. 

METHODS 

Male long-Evans hooded rats were aneathetlted 
with sodium pentobarbital (6 sig/lOOg body wr l.p.). 
Thermistors (Vaco 32A/2) were Implanted adjacent 
to the carotid artery and then wired to an electri- 
cal connector (ITT Cannon plug MDL-9SL1) cemented 
In place on the rat's skull (4), To Implant the 
thermistor adjacent to the carotid artery, the 
underlying connective tlseue wee bluntly dissected 
to expose the sternothyrohyoldeus and stemo- 
cephallcus muscles. Spreading these muscles along 
their facial planes exposed the carotid artery. 

The thermistor was sutured Into place and the leads 
looped to provide slack (allowing the animal free 
movement) before the ends of the leads were 
threaded under the skin and over the shoulder to 
the skull connector. The rats were allowed to 
recover at least 4 days before they were placed on 
the centrifuge. 

Exposure to hypergravlc fields (1.5-4^) was 
achieved utilizing a 1.37 m radius centrifuge. 
Cages, mounted to provide one degree of freedom by 
moving outward, assumed a position In which the 
acceleration field was perpendicular to the floor 
of the cage. Rats were free to move about the 
cage, an electrical lead serving to relay signals 
from the Implanted thermistors. The chamber was 
Jacketed by an outer chamber so that the ambient 
temperature around the rat could be lowered to 
about 12*C for 1 hr periods by placing Ice In the 
outer chamber. 

RESLXTS AND DISCUSSION 

The profr - of the gravitational field was 
altered as indicated In Fig. 2. In one case the 
field was first raised to Ug for one hour and then 
returned to a 3^ level for 3 more hours, the last 
of which the rat was also cold exposed. In a 
second series of experiments, the field was slowly 
increased to a 3g' level in a stepwise fashion 
(Fig. 2) with cold exposure again Imposed while the 
rat was at 3^. In both cases the fall In core 
temperature during the one hour period of coll 
exposure was the same (2.78 1 .34 *C for profile a; 
2.78 t .41 for profile b). The magnitude of this 
fall In Tc was also similar for a one-step Increase 
to 3g (see trial b in Fig. 18). Thus, regardless 
of the profile of the accleration field prior to 
cold exposure, the fall in core temperat’ire was 
the same, AT^ apparently being dependent only on 
the field at the time of exposure. 

These preliminary results are consistent with 
the hypothesis that the fall In T^ Is an effect of 
the ongoing hypergravlc field, and they tend to 


negate an alternative hypotheals that the fall In 
T la dependent on the prior gravitational field 
profile. Theae reaulta, aa well as the previous 
observation (4) that Immediately upon return to a 
\g environment rats Increase their body tempera- 
ture even though cold exposed (Fig. 1C), are 
cona latent wl'.h the auggestlon that the Impaired 
thermoregulor ory response is directly proportional 
to the added force pressing the brain against the 
skull during exposure to hypergravltatlonal fields. 



Figure 2. The effect of differing g profiles 

prior to the application of a one hour 
cold stressor concurrent with exposure 
to ig. In a, the g field was Increased 
In a step-wise fashion; In b , It was 
first Increased to ig for 1 hour and 
then returned to ig for 3 hours. ATj._j^ 
Is the change In temperature during 
the one hour cold exposure. 
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INTRODUCTION 

Several etudlea have dealt with varioua aapects of the thermoregulatory 
system of rats exposed to hypergravlc fields. Oyama et al. (14) first observed 
that the deep body temperature of unrestrained rats fell upon exposure to hyper- 
gravic fields ranging up to 2.5 G at an ambient temperature (T^) of 20-*24<^C. 
These body temperatures returned to precentrifugation levels after S days at 
2.5 G. and repeated exposures evoked a smaller temperature drop. Building on 
the work of Oyama ^ al* (14)t Fuller ^ a^> (6) applied a 1 h period of cold 
exposure to restrained rats in a 2 G field (at Tg of 21-24<>c) and found them 
unable to maintain body temperature. In a subsequent study, the magnitude of 
the cold-induced decrease in core temperature in restrained rats was seen to be 
linearly related to the acceleration field over a range of 1.5 to 4 G (10). 

These observations have established that a step increase in the gravitational 
field results in a drop in core temperature, and that cold exposure in a hyper- 
gravlc environment results in a further fall in body temperature. Both 
decreases indicate that thermoregulatory responses of rats are markedly altered 
by hypergravlc fields. 

Return of a rat from a hypergravlc environment to earth gravity (1 G) 
results in an immediate amelioration of the thermoregulatory impairment. On 
the one hand, there is a return of body temperature towards normal in unre- 
strained rats upon re-entry to 1 G (8); and on the other hand, no further 
decrease in body temperature occurs when a 1 h period of cold is Imposed after 
return to 1 G. The thermoregulatory impairment thus appears to be reversible. 
However, previous studies have not dealt with the effects of changing the 
duration of gravitational field exposure on the subsequent response of the ani~ 
mal to a 1 h period of cold exposure. Thus the effects of prior exposure on 
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the unrestrained rat's ability to themorcgulate when challenged by a decrease 
in ambient temperature while in a hypergravitational field has yet to be fully 
investigated. 

Previous work has established the usefulness of cold exposure to invest i" 
gate thermoregulation under hypergravlc conditions and has raised further 
questions regarding the mechanisms underlying the Impaired thermoregulatory 
responses at hypergravity. In the study reported herein, the ability of rats 
to thermoregulate when challenged with cold during the short term (3-36 h) 
exposure to 3 G was examined. Cold was also applied during the last hour of an 
8 day exposure to 3 G to determine if the return of body temperature to normal, 
seen after prolonged exposure to gravitational fields above 1 G, is accompanied 
by a return of the ability of the rat to maintain core temperature when exposed 
to cold. In addition, the G profile was altered prior to cold exposure at 3 G 
to determine if the history of G field exposure influences the response of the 
thermoregulatory system when the unrestrained animal is cold exposed. 

METHODS 

Surgical procedures 

Male, Long-Evans hooded rats were caged in pairs prior to the implantation 
of thermistors and individually thereafter. Simonsen's White diet and water 
were provided ad libitum . The environment was maintained constant at 22-24<>C 
with a 12:12 h light :dark cycle. 

Prior to implantation, leads from a thermistor (Veco 32A12, 2000 ohms at 
23°C) were soldered to teflon insulated, stainless steel wires. The leads were 
insulated with polyethylene tubing to protect them from contact with body 
fluids and to help prevent short-circuiting. Epoxy was applied over the first 
2 cm adjacent to the bead to Insulate and mechanically stabilize the thermistor 
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Thcmistors wart turgically inplanttd in tht trta of tht carotid artary in 
aach rat; in addition, aoina rata had thanaiator inplanta in tha hypothalaaua 
and interacapular brown fat tiaaua. The tharaiator iaplant naar tha carotid 
artery was made by performing a mldventral inciaion in the neck Juat cranial to 
the manubrium. Blunt diaaection through the underlying connective tiaaue 
axpoaed the aternothyrohyoldaua and the atarnocaphalicua muaclaa. Spreading 
the two muBclea apart along their facial plane axpoaed the carotid artery. The 
thermiator was sutured in place with the thermistor bead positioned adjacent to 
the carotid artery and Just cranial to the thoracic inlet. The lead wires were 
then looped to provide slack (allowing the animal free movement) aiul threaded 
dorsally through a subcutaneous tunnel on the lateral aspect of the neck, 

A middorsal incision cranial to the level of the scapula provided access 
to the interacapular brown fat tissue. The thermistor probe was sutured to a 
position deep to the brown fat pad. 

The rats were held in a stereotaxic frame for placement of a thermistor 
near the hypothalamus, A middorsal Incision was made over the cranium exposing 
the coronal and saggital sutures. Holes were drilled in the cranium in the 
right rostral, right caudal and left caudal quadrants, with respect to bregma, 
for placement of stabilizing screws, A hole was drilled in the cranium for 
Implantation of the thermistor probe 1 mm to the left of bregma and just 
rostral to the coronal suture. The thermistor was lowered 4 mm down from the 
surface of the brain and cemented in place with dental cement. 

Lead wires from the carotid and brown fat thermistors were run cranially 
via a subcutaneous tunnel to the incision exposing the cranium. All lead wires 
were then soldered onto an electrical connector (ITT Cannon electrical plug 
MDL-9SL1), The connector was cemented to the stabilizing screws with dental 
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ccoenti skin Incltioni were closed, and the rate were allowed to recover for 
four days. 

Centrifugation of unrestrained rata 

The rats were accelerated on a 1.37 n (4.5 ft) radiiir, centrifuge (11). 

The centrifuge cages had one degree of freedom ana could swing outward a? 
angular velocity Increased so that the resultant force was perpendicular to 
the floor. The unrestrained rats maintained a normal posture during the 
acceleration period resulting in the gravitational field being in the 
direction. During temperature recording on the centrifuge, each rat was placed 
in a 4 X 6 inch Plexiglas chamber contained within a larger (11 x 11 inch) 
Plexiglas container. Recordings from the thermistor implants were made via a 
cable to the rat's Cannon connector. During recording, the cable was suspended 
above the chamber so that the rat could move about the 4x8 inch chamber 

(i.e., he could turn around, raise and lower his head, etc.). When the rat was 

maintained on the centrifuge for periods longer than 6 h, temperatures were 
measured only during the first hour of exposure to the hypergravltational field 

and again during the 1 h cold exposure period. The rats had access to food and 

water during centrifugation except for Chose periods when temperatures were 
being monitored. Temperature changes were recorded using Houston 3000 Omni* 
graph penwr Iters and a Wheatstone bridge circuit. The penwriters and Wheat- 
stone bridge circuits were mounted on the centrifuge. 

An experimental protocol involving a 1 h period of cold, applied concur- 
rently with exposure to 3 G following 0, 3, 6, 12, 16, or 36 h at 3 G was used 
to monitor the thermoregulatory capability of the rat during the acute phase of 
exposure to hypergravity. A 1 h cold exposure for the final hour of an eight 
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day pctricd at 3 G waa utiliaad to dotaniirta whathar racovary fron tha tharmo- 

ragulatory impainiant occurrad. Cold axpoaura vaa achlavad by placing lea in 

tha 11 X 11 inch containar jackating tha 4 x 8 l.ch chambar houaing tha rat. 

Chambar tamparatura wat« "iaaaured with a tharmiator poaitioned in the upper 

corner >>. the 4 x 8 inch chaabar. Control axpariaanta included thoae where 

noncantrifugad rata ware cold expoaed for 1 h at 1 G and othara where cold 

axpoaura at 1 C of noncantrifugad rata followed a 36 h faat at 1 C. 

The affect of changea in tha amplitude and duration of tha G field on the 

thermoregulatory ability of the rat waa atudled by ualng different G field 

profllaa prior to a 1 h period of concurrent axpoaure to 3 G and cold. This 

concurrent exposure occurred after 3 h of centrifugation. The first profile 

involved a step increase to 4 C for 1 h followed by 2 h at 3 G and then the 

concurrent 3 G**cold exposure for 1 h. The second profile involved a 0.3 G 

incremental increase every 0.3 h until 3 G was reached (at 1.5 h). This 3 G 

field was maintained throughout the 1 h cold exposure which began after 3 hours 

on the centrifuge. The third profile used was a step increase to 3 G for 3 h 

followed by a 1 h concurrent 3 G-cold exposure period. 

When rats were subjected to more than one bout of centrifugation, at least 

2 days were allowed between exposures. 

RESULTS 

Cold exposure during the first 37 h of centrifugation at 3 G 

After a period of about 20 min for baseline recordings, the rat was 
accelerated to 3 G. Core temperature, as measured by the carotid thermistor, 
fell an average of 3.25 ± 0.34^C during the first 3 h of centrifugation at 3 G. 
A 1 h period of concurrent exposure to 3 G and cold, beginning after 3, 6, 12, 
18, 24, or 36 h at 3 G, resulted in a further decrease in core temperature 
(AT^). This fall was in response to a drop in chamber temperature from 
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25.6 it 0.25°C CO 11.9 ± 0.22<>C. Figure 1 illuitrates Che else courics of Chese 
responsce in one rac. The acan raaponsea ac 20, 40, and 60 ain of cold 
exposure for Chis cncire experinenc are CabulaCcd in Table 1. An analysis of 
variance Cost of the 6(' aln AT^. values indicaced no significanc differences 
among Che 3, 6, 12, 18, 24, end 36 h values. 

In Che concrol experimenc (Table 2) involving cold exposure aC 1 G, AT^ ac 
60 min was -0.40 ± 0.23<>C. This slight decrease did not significantly differ 
from 0 as indicated by the Student's t-test. Yet as early as 3 h after centri- 
fugation at 3 G, the drop in body temperature in response to cold was signifi- 
cantly different from 0 (Table 1). 

Since a marked decrease in body mass occurred in the rats subjected to 
centrifugation for the 36 h period (an average fall of 57 gm was measured in 
5 rats, a loss of approximately 10% of their body mass), experiments were 
initiated to examine the effect of a 36 h fast prior to cold exposure at 1 G. 

In this series of experiments, the 7 rats fasted for 36 h lost an avera'':: of 
33 gm (approximately 6% of their body mass). When exposed to cold at 1 G, they 
averaged a AT^ at 60 min of -0.32 ± 0.23°C, a change not significantly differ- 
ent from 0. 

When cold exposure was initiated simultaneously with acceleration to 3 G 
(Table 3: 3 G Cold), AT^. was significantly greater than that seen at 3 G 

alone (p < .001). In order to quantitate the component of the response due to 

cold, the averaged values for AT^ at 20, 40, and 60 min during the first hour 
of exposure to 3 C- in onset of trials were subtracted from the corresponding 

20, 40, and 60 min AT^ values for simultaneous exposure to 3 G and cold in 

another set of trials. The result, as shown in Table 3, represents the calcu- 
lated effect of cold at selected times during the first hour of exposure to 
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3 C. There were no slgniflcent differences between the 20. 40. and 60 min 4Tc 
values of the 0 h cold exposure and the corresponding 20. 40. and 60 :^tn 4T(. at 
the 3 h cold exposure. Thus the fall in core temperature for 0 h falls within 
the range observed for the response to cold applied following 3 to 36 h of 3 G 
exposure. 

The changes in hypothalamic and inter scapular brown fat temperatures had 
the same magnitude and time course as those of 4T^. There was no indication 
that the brown adipose tissue was activated (i.e., the change in brown fat 
temperature was equivalent to 4T^) when the animal's core temperature decreased 
over the first few hours at 3 G. 

Cold exposure after 8 days at 3 G 

Cold exposure during the last hour of 8 days at 3 G resulted in a less 
pronounced decrease in core temperature (Table 1) than that observed during any 
of the cold exposure periods within the first 37 h of exposure to 3 G. There 
was a significant difference (p < ,02. two sample t-test) between the fall in 
T(, for 60 min of cold exposure at 8 days and at 36 h. 

Alteration of the G profile 

Changes in T,, during the G profile protocol Involving an initial 1 h 
period at 4 G are depicted in Fig. 2A. The average decrease in core tempera* 
ture was -2.8 ± 0.4'-C (n ■ 4 trials) in response to the concurrent exposure to 
3 G and cold. Another G profile protocol. Involving 0,5 G incremental 
increases every 0.5 h prior to the concurrent period of 3 G and cold, is shown 
in Fig. 2B. For this profile, the ATg averaged -2.8 ± 0.3 oc (n - 4 trials). 
The changes in 4Tg for the profiles illustrated in Figs. 2A and 2B were not 
different (p < .001) indicating that the prior history of the G field did not 
alter the response for these particular cases. Similarly, these changes in AT^. 
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were equivalent to the -2.3 ± 0.23'^C (n ■ 3) decrease seen in the ricperiments 
with the type of step profile in C shown In Fig. 2C. 

DISCUSSION 

Acute phase of exposure to 3 G 

The initial response of rats to exposure to 3 G Includes a fall in body 
temperature after which the core temperature levels off (Fig. 2). This 
leveling off has been observed in several previous studies (6, 14} and reflects 
an alteration of thermoregulatory mechanisms induced by the hypergravic field. 
If this new level of seen after the first few hours simply reflects a 
decreased set-point, then the rat would be expected to maintain Tj. at this 
lower level when challenged by a one hour period of cold exposure. That such 
is not the case, however, is indicated by the additional marked fall in T^. 
occurring in restrained, unanesthetized rats cold exposed during the first 
8 hours of hypergravic conditions (6, 10). In the present study, these observ 
tions have been extended to unrestrained rats subjected to longer periods of 
hypergravity in order to further characterize the time course of the acute 
phase (0 to 36 h) of this Impairment. 

As summarized in Table 1, the fall in T^ for the one hour concurrent 
exposure to cold and 3 G was similar when applied following 3, 6, 12, 18, 24, 
or 36 h at 3 G. Moreover, even with the added stressor of restraint removed, 
the rats still failed to regulate their temperature as well as control rats 
cold exposed at earth gravity (1 G). These observations are consistent with 
those of earlier studies (6-8, 10) showing an impairment of the rat's thermo- 
regulatory system at hypergravity. They are also consistent with thermoregu- 
latory models involving neural controllers for shivering and nonshivering 
thermogenesis (3). These models have been modified for hypergravic conditions 
(7) and consider the hypothalamus to be one of several areas of the central 
nervous system important for the control of body temperature (15). 
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During the acute phase (the first several days on the centrifuge), 
decreases In the body Base of rata subjected to hypergravity have been reported 
(14). More generally, body aafisee of a variety of epeclee exposed to a range 
of acceleration fields have been measured and correlated with growth, and an 
Initial decrease in food intake has been observed (see (16) for a review of 
these studies]. In order to determine If the losses In body mass could thcm~ 
selves account for the rat's Inability to adequately theraoregulate,, animals 
were subjected to a 1 G control experiment Involving cold exposure fol* ^wlng a 
36 h fast. The results (Table 2) Indicate that these farted rats were still 
capable of a normal thermoregulatory response when cold exposed. Thus, the 
loss In mass can be excluded as a major factor underlying the thermoregulatory 
Impairment still present at 36 h at 3 G. 

Another consideration was the possibility that the thermoregulatory 
impairment occurred well after the onset of the hypergravlc field. Because the 
inltiatiou of a hypergravlc field itself results in a fall in T^ (e.g., Fig. 1 
shows the decrease in Tg In response to the onset of a 3 G field, with an addi- 
tional fall in Tj. in response to cold plus 3 G exposure), the cold-induced 
component of the response was estimated by calculation. That is, the added 
effect of cold exposure over that of the hypergravlc field alone was calculated 
by subtracting the response due to the 3 G field from that occurring at 3 G 
plus cold. These calculated values (shown in Table 3) indicate a cold-induced 
drop in body temperature 20 min into the first hour of centrifugation. Thus 
the impaired thermal response at 3 G is seen within 20 min after the onset of 
the combined stressors. 

Recovery phase of 3 G exposure 

A comparison of the values measured during cold exposure after 8 days 
at 3 G with those measured during the acute phase (3 to 36 h) at 3 G suggests 
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that rata recover some ability to theraoregulate after prolonged exposure to 
hypergravity. However, this recovery is not complete by 8 days, as indicated 
by the fact that the values were still significantly different from the 1 G 
control ATg values for cold exposure. Oyama et al. (14) observed a recovery of 
deep body temperature in noncold-exposed rats after about 5 days at 2 G. Thus 
continuous centrifugation appears to affect rmoregulatlon in the rat in two 
ways: first, several days are required for T to increase to levels observed 

prior to centrifugation; and second, several days are. required before the rat 
begins to regain its ability to maintain core temperature when challenged by a 
period of cold exposure. 

Changes in the G profile 

All previous work on rats cold exposed under hypergravic conditions has 
Involved acceleration fields that were step increased to a new level and then 
held constant for at least an hour (Fig. 2C). In the present study, two addi- 
tional G profile protocols (Fig. 2) were imposed prior to the cold exposure 
in order to determine if the immediate history of the acceleration field influ- 
enced the thermoregulatory response at 3 G. No differences were seen in the 
ATg response to cold for the G profiles illustrated in Figs. 2A and 2B, 
implying that the thermoregulatory impairment is determined by the ongoing 
acceleration field. The recovery of thermoregulatory ability that occurs upon 
return to 1 G from 3 G (8) and the linear relationship of gravity and 
thermoregulatory response to cold (10) are consistent with this proposal. 

Thus, a major finding of this study is that the thermoregulatory impairment 
appears to be a manifestation of an ongoing effect of hypergravity and is 
independent of the immediate history of acceleration. 
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Mechanising underlying Impaired neural control 

The altered mechaniams responsible for the tharmoregulatory impaimsnt 
seen in the rat during acceleration are not fully understood. Hovaver the 
initial fall in body temperature appears to result, at least in large part, to 
increased heat loss due to pooling of blood in the dependent portions of the 
rat's body — particularly the tall (6). That is, tail temperature has been 
observed to increase upon exposure to a hypergravic field despite a drop in 
core temperature (6). Although tall temperature returns within 1 to 2 hours to 
precentrifugation levels, the core temperature remains decreased, suggesting a 
diminished capacity to initiate the appropriate thermogenic mechanisms to 
rewarm the animal. Cold exposure results in a further decrease in core temper- 
ature, again suggesting a diminished capacity of t^^ rat to the thermoregulate. 

This thermoregulatory impairment observed over a period of minutes to 
hours for hypergravic fields less than A G most likely reflects different 
factors than those limiting the tolerance of rats exposed to much higher accel- 
eration fields for shorter periods of time. At fields less than 4 G, altera- 
tions in the rat's thermoregulatory ability may result from mechanical 
compression of the ventral portion of the brain (6). Such a compression, 
suggested to occur in response to increased gravitational force on the brain, 
could result in depressed neuronal activity in the thermoregulatory centers of 
the hypothalamus, thereby leading to the decreased O2 consumption (heat produc- 
tion) seen in centrifuged rats (13). In contrast, factors important in deter- 
mining tolerance at larger hypergravitational fields (e.g., diminished blood 
flow due to Increased hydrostatic pressure or generalized hypoxia due to 
decreased arterial oxygen content) may not play a dominant role in the 
thermoregulatory impairment observed in this study for reasons summarized 


below. 
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Acceleration at 3 G would not be expected to result in an increase in 
hydrostatic pressure sufficient to markedly alter cerebral blood flow in the 
rat. At most, the vertical distance separating the rat's heart and brain is no 
more than 3 cm when in a orientation. With a vertical pressure gradient of 
0.76 torr/cffl at IG, a pressure drop of 11.7 torr would be created by an acceler** 
ation of 3 G. This represents a lOX decrease from the normal 110 torr mean 
arterial blood pressure in the rat. Observations made in this study show the 
rat to have normr i posture during acceleration, thus making the vertical 

distance between the heart and brain and therefore, the pressure drop, small. 
Moreover, the decreased mean arterial blood pressure would be expected to 
initiate baroreceptor activity and the resulting vasoconstriction and tachy- 
cardia should assist in offsetting the dimished arterial pressure. These 
conditions in the rat at 3 G are very different than those in man at 5 G, 
where, if the heart-to-brain distance in humans is taken to as 30 cm, the 
resulting pressure drop of 117 torr is enough to virtually stop blood flow to 
the brain and result in loss of consciousness (17). 

It also seems unlikely that there would be a decreased arterial oxygen 
content at 3 G sufficient to create generalized hypoxia in the rat. In humans 
and dogs accelerated at 3 G, arterial oxygen saturation did not decrease below 
90% (9, 17). The decrease in oxygen content that did occur is attributed to a 
venous admixture resulting from arteriovenous (AV) shunting of blood through 
unventilated portions of the lungs. The AV shunts in humans and in dogs are 
created by increased hydrostatic pressures due to acceleration and to poor 
ventilation in the dependent portions of the lung (9). However, at 3 G, very 
little effect of increased hydrostatic pressure would be expected to occur in a 
lung the size of a rat's. Nonetheless, measurements of blood flow and arterial 
oxygen content in the rat's brain would provide direct evidence for their 
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possible involvement in the thermoregulatory impairment observed under hyper** 
gravic conditions. 

Although several studies in humans and dogs suggest that acceleration 
fields may at times induce hyperventilation and alter pulmonary gas exchange 
(1-4, 11, 12), these factors most likely do not play a dominant role in the 
observed fall in T^. in rats cold exposed while in a hypergravic field. If in 
the rat, acceleration fields induced a change in the partial pressure of 
arterial C 02 t then neural activity in the hypothalamus might be modified. 
However, at present there does not appear to be any reported measurements of 
this type for centrifuged rats that can be related to changes in T^. 

In summary, the thermoregulatory Impairment seen in rats during exposure 
to hypergravity may reflect mechanical compression of the brain against the 
skull rather than factors such as diminished blood flow or decreased arterial 
oxygen content. The thermoregulatory Impairment appears to be a manifestation 
of an ongoing effect of hypergravity, being Independent of ^he immediate prior 
history of the gravitational firld profile. Adaptation to hypergravity and 
recovery seem to occur, with partial recovery to the 3 G exposure being present 
by 8 days. 
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Figure 1 
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FIGURE CAPTIONS 

Effects of ecceleretion and cold on the changes in a rat's core 
temperature (AT^) as a function of time. Black bar represents 1 h 
period of cold exposure from time t to t f 1 h while at a 
gravitational field of 3 G. AT 20 denotes the fall in Tg occurring 
over the first 20 min of cold exposure, AT^q at 40 min of cold, and 
A'. gQ at 60 min of cold. (In this particular experiment t ■ 3 h). 
Changes in core temperature (ATg) as a function of gravitational 
field (G) profiles. Black bar denotes 1 h period of cold exposure. 
At each protocol (A,B,C), the response of a different rat is shown. 




TABLE !• Effect of cold exposure on core tenperature (AT^) of rats at variom tlaes durli^ centrifugation at 3 G 
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TABLE 2. Effect of cold oxpoturo on core tooptraturo (AT^) of rata at 1 C. 



FED AO LIBITUM 

PASTED 36 h 

AT 20 

-0.14 ± 0.14 

-0.02 ± 0.13 


( 6 ) 

(5) 

AT 40 

-0.48 ± 0.24 

-0.12 ± 0.13 


(6) 

(5) 

^T60 

-0.40 ± 0.23 

-0.32 ± 0.23 


(6) 

(5) 


Values for AT^. (°C) represent X ± S.E. for the number of trials shown In ( ). 

Cold exposure was applied at 1 G conditions to rats that had not been subjected 
to centrifugation. 
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TABLE 3. Effaet of cold axpotura on eoro toaporoturo ehangof (AT^) of rots | 

duriiqi tho first hour of eontrifi^tioo st 3 G. I 



(3 G 4 COLD) 

(3 G) 

(3 G COLD) - (3 G) 

AT20 

-3.43±0.29 

-1.64d0.13 

-1.79d0.18 


(3) 

(17) 


AT40 

-3.07d0.24 

-2.53d0.14 

-2.54d0.16 


(3) 

(17) 


ATgo 

-3.88±0.30 

-3.12d0.l7 

-2.76d0.20 


(3) 

(13) 


Vsluts of ATq 

(<*C) art X ± S.E. for 

ths nuobsr of trials 

shown in ( ). 



TIME (HOURS) 






